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Introduction
Environmental pollution due to toxic heavy metals is a significant worldwide problem due to their incremental accumulation in the food chain and continued persistence in the ecosystem [1] . Efforts have been made to remove toxic heavy metal contamination from the environment by using conventional technologies such as ion exchange or limit precipitation, which are sometimes inefficient and expensive, particularly for removal of heavy metal ions lower than 100 mg l -1
, and also leads to generation of toxic sludge which further adds burden on the technoeconomic feasibility of the treatment process [2, 3] .
In recent years, role of microbes in removal of toxic metal ions from the polluted effluent have taken more importance in this area as microorganisms due to their small size have a high surface area-to-volume ratio and therefore provide a large contact area for metal binding [4, 5] . In this race bacteria, algae, fungi, actinomycetes, yeast, activated sludge and various other biopolymers have been well recognized for heavy metal removal directly or indirectly [4, [6] [7] [8] [9] [10] [11] [12] . In this context the role of algae is known for a few decades, but has received increased attention only in recent years because of its potential for application in environmental protection or recovery of precious or strategic metals [13] [14] [15] [16] . The affinity of various algal species for binding of metal ions shows different hierarchies whereas, in general, metal ions with greater electronegativity and smaller ionic radii are preferably sorbed by algal biomass [16] . Metal accumulation capacity of algal biomass is either comparable or sometimes higher than chemical sorbents therefore algal biomass may serve as an economically feasible and efficient alternative to the existing physicochemical methods for metal removal and recovery from wastewaters. The major challenge in biosorption studies is to select the most promising types of biomass from an extremely large pool of readily available and inexpensive biomaterials [17] . Contribution of Spirulina (family Oscillatoriaceae) in the metal sorption is of considerable importance with adherent advantage of mass cultivation [18, 19] .
In the present work, non-living biomass of Spirulina sp. was characterized for its Zn 2? and Pb 2? removal potential from synthetic metal solution whereas, the effect of pH, biomass concentration, initial metal concentration and time was studied for metal sorption process along with equilibrium sorption kinetics.
Materials and Methods

Biosorbent Material
The dry biomass of Spirulina sp. was procured from Global Green Company, Bangalore (India).
Lead and Zinc Sorption Experiments
Metal ion solutions were prepared by diluting 1.0 g l -1 of stock solutions, which were obtained by dissolving weight quantity of zinc sulphate heptahydrate (4.39 gm) and lead nitrate (1.59 gm) of analytical grade in double distilled water. Metal sorption studies were carried out to evaluate the capacity of non-living dry biomass of Spirulina to adsorb metal ions form solution. In batch process 100 ml of synthetic metal solution having different concentrations (20-100 mg l -1 ) of zinc or lead were taken in 250 ml Erlenmeyer flasks with a range of biomass concentrations (0.1, 0.4, 0.8, 1.6 and 3.2 g) as biosorbent. Erlenmeyer flasks were kept under shaking condition at 100 rpm at ambient temperature. Samples were drawn after 5, 15, 30, 60, 120 and 240 min and filtered and analysed for residual metal concentration (C f ) using atomic absorption spectrophotometer (GBC 932 AA; GBC Scientific Equipment Pvt. Ltd. Australia).
To see the effect of pH on Pb 2? and Zn 2? removal, a range of pH (2, 4, 6, 8 and 10) was adjusted with 0.1 M NaOH and 0.1 M H 2 SO 4 in 100 ml metal synthetic solutions containing fixed concentration of metal at 50 mg l -1 and biomass of 0.1 g followed by contact time of 30 min at 100 rpm.
The metal adsorption (q) by the alga and bioremoval efficiency (R) were calculated by the following formulae [20, 21] .
Where q = metal adsorption (mg/g); M = dry mass of alga (g); V = volume of initial metal ion solution used (L); R = bioremoval efficiency (%); C i = initial concentration of metal in aqueous solution (mg l -1 ); C f = final concentration of metal in aqueous solution (mg l -1 ).
Adsorption Isotherm
During biosorption, a rapid equilibrium is established between absorbed metal ion on the algal cell (q) and unabsorbed metal ions in the solution (C f ). This equilibrium represented by Langmuir and Freundlich adsorption isotherms, are widely used to analyse data for wastewater treatment application [22, 23] . Langmuir equation, which is valid for monolayer sorption onto a surface, a finite number of identical sites are given by Eq. 3.
Where q max is the maximum amount of the metal ion per unit weight of alga to form a complete monolayer on the surface bound at high C f (mg l -1 ), and b is a constant related to the affinity of the binding sites (l mg -1 ), q max represents a practical limiting adsorption capacity when the surface is fully covered with metal ions and assists in the comparison of adsorption performance, particularly in cases where the sorbent did not reach its full saturation in experiments. q max and b can be determined from the liner plot of C f /q versus C f . The empirical Freundlich equation based on sorption on a heterogeneous surface is given below by Eq. 4.
where k and n are the constants, characteristic of the system. k and n are indicators of adsorption capacity and adsorption intensity, respectively Eq. 4 can be linearized in logarithmic form and Freundlich constants can be determined. Freundlich isotherm is also more widely used but provides no information on the monolayer adsorption capacity, in contrast to the Langmuir model.
Results
pH is one of the important parameters in metal sorption by Spirulina sp. [24] (Fig. 3) . Increase in metal removal efficiency from 20 mg l -1 synthetic metal solution for both Pb 2? and Zn 2? was observed on increasing biomass concentration (Fig. 4) : 20 mg l
: 20 mg l (Table 1) .
Discussion
Enhanced adsorption of Pb 2? and Zn 2? ions at higher pH was observed which coincides with earlier findings where in most cases the removal efficiency increased steadily with rise in pH [9] . The adsorption of metal ions was lower at low pH because of high concentration of protons in the solution which competed with metal ions in forming a bond with the active sites on the surface of the algal biomass [25] . Selective sorption of specific metals due to distinct pH optima for their sorption may be due to differences in chemical composition of cell surface [16, 26] . A distinct relationship between pH of aqueous metal solution and involvement of functional group in binding of Pb 2? onto Spirulina maxima was observed at pH range of 2-5, 5-9 and 9-12 with the involvement of functional groups such as carboxyl, carboxyl and phosphate and carboxyl, phosphate and hydroxyl respectively [27] . Rapid metal adsorption profile of Spirulina sp. was obtained for both Pb 2? and Zn 2? , which is important when the material is to be used for bioremediation. It exhibited rapid biosorption in first 0-15 min by removing 90% Pb 2? and 89% of Zn 2? from metal solutions thereafter increase in metal removal was marginal [19] . Decrease in metal removal on increasing initial metal concentration was supported by the findings of Mehta and Gaur [28] who observed that the removal of metal generally decreases with increasing concentration of metals in the solution. Algal cell surface has different functional groups with varying affinity for ionic species, where low and high affinity of functional groups in sorption of metal ions also depends upon concentration of metal ions therefore decline in metal removal is largely attributed to saturation of adsorption sites [19] .
Spirulina biomass showed rapid biosorption in first 15 min, similar to the findings reported by Incharoensakdi and Kitjaharn [6] for the rapid adsorption of Zn ?2 by Aphanotheca halophytica from aqueous solution. It has been reported that the sorption of heavy metal ions by algae followed a two-step mechanism where the metal ion is physically or chemically taken up onto the surface of the algal cell before being taken up biologically into the cell [29, 30] . The first step, known as a passive uptake which occurs rapidly, while the second biological step or active transport could take much longer time to complete. In this case, since the alga was dried and biological functions were no longer active, the sorption could only take place on the cell surface. The increase in Pb 2? adsorbed by increasing biomass was also expected as a result of increase in available area-to-volume ratio and therefore providing a large contact area for metal binding [4, 5] . In a similar study, 82.64% decrease in Pb 2? sorption capacity of Spirulina maxima with increasing biomass from 0.1 to 20 g l -1 was reported although this is generally attributed to a shift in the sorption equilibrium [18] . The other probable explanation for such a relationship between biomass concentration and adsorption may be limited availability of metal, increased electrostatic interactions between binding sites and reduced mixing at higher biomass concentration [16] .
The sorption isotherm is the relationship between equilibrium concentration of solute in the solution and equilibrium concentration of solute in the sorbent at constant temperature where either Freundlich or Langmuir model can describe the passive biosorption equilibrium of zinc and lead [22, 23] 
